The negative and positive parity low-spin states of the even-odd Tungsten isotopes, 183,185,187 W are studied in the frame work of the Interacting Boson-Fermion Approximation (IBFA) model.
In the Interacting Boson Model (IBM) [5] the low-lying states in even-even nuclei are described in terms of the relevant effective degrees of freedom which are nucleon pairs coupled to angular momentum J = 0 and J = 2, accounted for in terms of s and d bosons.
This allows to incorporate the important aspects of the interaction, being the pairing force between like nuclei and a quadrupole interaction between neutrons and protons. For certain limiting choices for the model parameters, corresponding to dynamical symmetries, the spectrum corresponds to that of an (an)harmonic vibrator, an axial-symmetric rotor and that of a triaxial gamma-unstable rotor [4] . The existence of these dynamical symmetries has contributed greatly to the success of the model.
Relatively many experimental [6] [7] [8] [9] [10] [11] studies have been devoted to the even-even nuclei in the mass region of the neutron rich Tungsten isotopes, in stark contrast with the little attention given to the odd-mass isotopes [12] [13] [14] [15] [16] . Woods-Saxon-potential based calculations [17] have suggested the prolate-oblate shape change takes place between N = 114 and N = 116, with similar calculations suggesting N = 118 [8] . In earlier IBM studies [6, 10] the even mass Tungsten isotopes have been calculated and we will compare our parameters with these.
For this work we are particularly interested in the calculation of odd-mass nuclei in the IBFA model [18] . The addition of the degrees of freedom of a single particle to those of the s and d bosons allows for a more detailed test of the microscopic basis of the model since the structure of the Hamiltonian, and in particular that of the single-particle-transfer operator, strongly depends on the interpretation of bosons in terms of fermion pairs following semimicroscopic arguments [19] [20] [21] . So far the calculation of spectroscopic factors in the IBFA model has not received much attention. For certain limiting cases the IBFA Hamiltonian has dynamical (super) symmetries [22] [23] [24] [25] [26] , corresponding to the spectra of certain odd-mass nuclei. The model has also been extended to describe odd-odd nuclei [27] .
We investigate a series of odd-mass tungsten isotopes, 183,185,187 W , which have 74 protons and 109-113 neutrons and can be described in the IBFA by the coupling of the degrees of freedom of a single neutron to the even-even cores. Because of the vicinity of the N = 126
shell closure the neutrons are considered as holes rather than particles. In the major shell (N = 82-126), there are five single-particle levels, four with negative parity, 2f 7/2 , 2f 5/2 , 3p 3/2 , 3p 1/2 and one with positive parity 1i 13/2 .
We first discuss the calculation of the even-even cores in the IBM. In Section III a quick overview of the most important ingredients of the IBFA model are reviewed. The calculated excitation energies are presented in Section IV followed in Section V with E2 transition probabilities. The results for spectroscopic factors for single neutron transfer are given in Section VI. The conclusions are presented in Section VII.
II. THE EVEN-EVEN CORE
The IBM [5] provides a unified description of collective nuclear states in terms of a system of interacting bosons. The IBM-1 (the version of the model where proton and neutron bosons are not distinguished) Hamiltonian which we use to describe the even-even nuclei has the standard form as given in [5] . In terms of s-and d-bosons the most general IBM-1 Hamiltonian can be expressed as
where
and
For the diagonalization of the Hamiltonian we used the computer code PHINT [32] . The parameters for the Er isotopes which have the same number of bosons and lie in the same mass region [29] . They also agree well with those of ref. [6] . Our result indicate a shape change in the W isotopes from O(6) to SU(3). The calculated energy levels are shown in 
where Q B has been defined in Eq. (3) Table II showing a very good agreement.
III. THE INTERACTING BOSON-FERMION APPROXIMATION MODEL.
In the IBFA model [4] , odd-A nuclei are described by the coupling of the degrees of freedom of the low-energy quasi-particle levels to a collective boson core. The total Hamiltonian can be written as the sum of three parts,
where H B is the usual IBM-1 Hamiltonian [5] for the even-even core, H F is the fermion Hamiltonian containing only one-body terms, and V BF is the boson-fermion interaction that describes the interaction between the odd quasi-nucleon and the even-even core nucleus [21] .
The one-body term can be written as where ε j denotes the quasi-particle energies and a † jm and a jm are the creation and annihilation operators for the quasi-particle in the eigenstate |jm . The boson-fermion interaction V BF is described in terms of three contributions; i) a monopole interaction which is characterized by the parameter A 0 , ii) a quadruple interaction [5, 31] characterized by Γ 0 , and iii) the exchange of a quasi particle with one of the two fermions forming a boson [5] characterized by Λ 0 ,
a jm = (−1) j−m a j−m , and : : denotes normal ordering whereby contributions that arise from commuting the operators are omitted. The first term in V BF is the monopole interaction which plays a minor role in the actual calculations. The dominant terms in Eq. (7) are the second and the third terms, which both arise from the microscopic neutron-proton quadrupole interaction. For this reason the structure of the quadrupole operator may be different from the one used in the calculation of E2 transition probabilities. The third term, the exchange force, represents the exchange of a quasi particle with one of the two fermions forming a boson. It should thus be regarded as an effective contribution to the interaction resulting from the Pauli principle at the microscopic level in conjunction with the quadrupole interaction between protons and neutrons [21, 34] . The remaining parameters in Eq. (7) can be related to the BCS occupation probabilities v j of the single-particle orbits,
where Q j j are single particle matrix elements of the quadruple operator and
are the structure coefficients of the d-boson deduced from microscopic considerations [21] .
The BCS occupation probabilities and the quasi-particle energy of each single-particle orbital can in principle be obtained by solving the gap equations. In the present calculations we have taken the quasi-particle energies as well as the occupation probabilities as free parameters in addition to the strengths Λ 0 , Γ 0 and A 0 to obtain the best fit to the excitation energies.
The reason for taking this approach is that for these triaxial nuclei the microscopic structure of the bosons may be more complicated than what has been assumed for the microscopic structure of the boson-fermion interaction.
IV. EXCITATION ENERGIES
In the present study of the 183−187 W isotopes the parameters in the Hamiltonian were adjusted to obtain the best overall agreement with the measured excitation energies of positive and negative parity states. We have opted to keep the coupling strengths constant for the three isotopes, resulting in the Boson-Fermions parameters A 0 = −0.26, Γ 0 = −0.1, χ = −.213, and Λ 0 = 0.55 in Eq. (5). For the calculations the computer program ODDA [35] in which the IBFA parameters are identified as A 0 = BF M , Γ 0 = BF Q and Λ 0 = BF E.
The single particle occupation probabilities and the quasiparticle energies were allowed to vary across the range of isotopes. As can be seen from Table III quasi-particle energies are important for which reason we have normalized to lowest one to zero for each isotope.
In the choice of the model space we have limited ourselves to the single-particle levels that are expected to play a dominant role for these nuclei. Based on the single particle energies as given in [28] we have decided to include the 2f 7/2 level and exclude the 1h 9/2 orbit. With its much larger quasi-particle energy it is expected that the influence of the 1h 9/2 orbit on the energy spectrum will be small.
The structure of the spectrum is strongly determined by the strength of the exchange force, Λ 0 , which agrees well with the values obtained from previous calculations in the Wmass region [29] . The value of the other two parameters shows larger differences, which could be due to the influence of including the 2f 7/2 orbital in the model space. It should be notes that the same strength and parametrization is used for the interaction of the positive and negative parity single particle orbits with the core.
The calculated excitation energies are compared with experiment for the odd mass 183−187 W isotopes in Fig. 1-? ? for positive and negative parity states. In general a very good agreement is obtained for the spectra of all three isotopes up to rather large excitation energies although there are some differences in the band-staggering patterns. there is only a single positive parity orbit coupled to the bosons this space is probably too small to create a realistic amount of collectivity. In the calculations this could be accounted for by increasing the strength of the boson-fermion interaction which lies however outside the scope of the present calculations. The difficulty in interpreting the higher lying bands is that in the data there are relatively low-lying levels with uncertain spin and parity assignments.
The most prominent example is the level at 510 keV in 187 W .
V. ELECTROMAGNETIC TRANSITION PROBABILITIES
Electromagnetic transition rates form a good measure of the collective structure of the model wave functions. In general, the electromagnetic transition operators can be written as the sum of two terms, the first of which acts only on the boson part of the wave function and second only on the fermion part,
where Q B has been defined in Eq. (3), Q j j are single particle matrix elements of the quadruple operator which have also been used in the Hamiltonian Eq. (7), and e b and e ν are the boson and fermion effective charges respectively. In the actual calculations the computer program PBEM [32] has been used. The boson effective charge has been determined earlier from the calculation of the even-even cores, e b = 0.13 eb. The fermion effective charge is set equal to the boson effective charge, e ν = 0.13 eb, leaving no free parameters to adjust to the data. Experimental B(E2) values for transitions between negative parity states are compared to the results of our calculations in Table IV . In general a good agreement with the data is obtained however the data are relatively scarce. with N β = j,j β 2 j ,j where the normalization constant K j is chosen such that
The calculation of spectroscopic factors is free from adjustable parameters since the occupation probabilities have been determined from the calculation of excitation energies. For single-neutron stripping to 183 W an extensive list of spectroscopic factors was published recently [1] . Also for 187 W there are recent data available [2] .
In Table V the results of our calculations are compared with these data for 187 W . The rather good agreement indicates that our calculations give reliable wave functions for the low lying states. The results also show that the used occupation probability for the f 7/2 orbit, see Table III , was too low while that of the f 7/2 orbit is on the high side. The occupancies of the other orbits give a fair agreement with the data.
The data for 183 W are compared to the calculation in Table VI . The spectroscopic factors for the p 1/2 orbit are over predicted while those for the f 7/2 are too small in the calculation.
Overall a good agreement is reached. show some discrepancies in the absolute values for some orbits. The relative magnitudes agree rather well with the data.
